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ABSTRACT: Brown carbon (BrC) has a substantial direct
radiative e�ect, but current estimates of its impact on radiative
balance are highly uncertain due to a lack of measurements of its
light-absorbing properties, such as mass absorption e�ciency
(MAE). Here, we present a new analytical paradigm based on a
Bayesian inference (BI) model that takes multiwavelength
aethalometer measurements and total carbon data to resolve the
concentrations of black carbon and BrC, and MAEs of BrC on a
sample-by-sample basis. Hourly MAEs, unattainable in previous
studies, can now be calculated, enabling the first-time observation
of the darkening-bleaching dynamics of BrC in response to
photochemical transformation. We demonstrate the application of
this BI model to analyze measurements collected over one year
(2021−2022) in Hong Kong. Diel variations in MAE370 nm of BrC reveal a darkening-to-bleaching transition occurring between 8
and 10 O’clock when the solar irradiance ranges from 30 to 400 W m−2. Furthermore, we consistently observe an increase in
MAE370 nm of BrC with nitrogen oxide concentrations, suggesting the enhanced formation of nitrogenous organics. This BI model-
based data analysis would bring forth a breakthrough in amassing observation data of BrC and its MAEs in diverse ambient
environments and with high time resolution.
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1. INTRODUCTION

Carbonaceous aerosol is ubiquitous in ambient atmosphere,
constituting around 20−50% of total fine particulate matter
mass concentration.1,2 While all carbonaceous particles scatter
light to certain degrees, their light-absorbing properties can
exhibit notable variations. A popular classification scheme for
carbonaceous aerosol includes “white carbon (WtC), brown
carbon (BrC), and black carbon (BC)”.3,4 WtC, consisting of
colorless organic molecules, is generally considered nonlight-
absorbing. In contrast, BC, i.e., soot-like substance, absorbs solar
radiation almost indi�erently within UV to visible light range.5

The term BrC was introduced to describe organic components
that exhibit a sharp decrease in absorption spectra from short to
long wavelengths in UV−visible spectrum.4,6 An empirical
power-law formula to quantify the relationship between the
mass absorption e�ciency (MAE, in m2 gC−1) and wavelength
(λ, in nm) for both BC and BrC is given in eq 1, incorporating
material-dependent parameters K and absorption Angstrom
exponent (AAE).7

KMAE (AAE 1, AAE 1)AAE
BC BrC= × > (1)

The AAE of bulk BC is often assumed to be around 1,
resulting in itsMAE being approximately a reciprocal function of
wavelength. In contrast, BrC has a noticeably larger AAE,

ranging from 1.5 to 10 for BrC emitted from di�erent sources,8

leading to a more pronounced dependence of MAEBrC on the
wavelength. Some studies indicate that AAEBrC is wavelength-
dependent, generally increasing toward shorter wavelengths.9,10

Theoretical models such as the damped harmonic oscillator
model and the band gap model have been proposed to account
for the relation between MAE and wavelength for BrC.11,12

BrC exerts direct impacts on solar and terrestrial radiation
balance due to its light-absorbing properties as well as indirect
influence on cloud formation and other microphysical
processes.13−15Recent laboratory and field studies also highlight
the active role of BrC components (e.g., imidazole derivatives
and humic-like substance) as photosensitizers to enhance
secondary formation reactions in the atmosphere.16−18 While
the significance of BrC in the global environment and climate
has been well recognized in recent modeling studies, there is
significant disagreement in current estimates. For instance,
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di�erent studies report a wide range of global average direct
radiative e�ect of BrC, varying from 0.03 to 0.57 W m−2.13,19−22

Two major causes contribute to the inadequate characterization
of BrC in numeric models. First, BrC comes from a complex
combination of primary combustion sources and secondary
formation pathways,17,23−27 giving rise to its chemical diversity
and optical variability.4 Second, the light-absorbing properties of
ambient BrC continuously evolve through photochemical aging
processes.28−30 Due to the scarcity of observation data on BrC
and its MAEs for model constrains, scientists have to rely on
crude parametrization methods to estimate its emission rates,
light-absorbing properties, and atmospheric aging reac-
tions.20,22,28 Consequently, there is an urgent need for a
convenient method to quantify the BrC concentration and its
varying light-absorbing properties with atmospheric trans-
formation. Such a method would greatly facilitate obtaining
observation data in both ambient and controlled environments,
thereby aiding the advancement of climate models.
Among various techniques and instruments, the multi-

wavelength aethalometer that simultaneously measures aerosol
light absorption at multiple wavelengths stands out for its cost
e�ectiveness, labor-saving nature, and capability to provide high
time-resolution data.31,32 However, previous studies that utilize
the aethalometer measurements have commonly employed the
naive BrC model by assuming that the light absorption at 880
nm is entirely contributed by BC and then apportioned light
absorptions to BC and BrC, which lacks the ability to determine
the concentrations nor MAEs of BrC.33,34 TheMAEs of BrC are
cited from other studies so that concentration of BrC can be
calculated.35 Recently Chen et al.36 proposed a hybrid
environmental receptor model (HERM), a variant of chemical
mass balance (CMB) model, referred to as HERM−CMB
hereafter, to quantify bulk BrC level. This model incorporates
measurements of total carbon (TC) concentration and solves
both the carbon mass balance equation and the light absorption
balance equation at seven wavelengths. HERM−CMB uses a
spectral light absorption profile instead of an AAE to
characterize BrC light absorption, and is limited in two aspects.
First, similar to the CMB model, HERM−CMB assumes that
BrC in all observations shares the same light-absorbing profile,
which may not be valid considering the dynamic optical nature
of BrC.29,37 Second, like other receptor models, the results of
HERM−CMB can be influenced by the subjective decisions
made bymodel users when implementing additional constraints.
Insu�cient documentation of these decisions can compromise
reproducibility. Motivated by the increased use of Bayesian
inference (BI) in air pollution research,38−40 we explore BI as an
alternative approach to quantify the level of BrC and its light-
absorbing properties. Di�erent from models that estimate
parameters through minimizing the objective function of gross
errors (e.g., CMB and positive matrix factorization), BI allows
more flexibility in constraining the parameters by defining the
“prior distributions” instead of the “prior values”. Specific to the
case where the BI model is applied to aethalometer data along
with concurrent measurements of TC concentration, it allows
the MAEs of BrC to vary across individual observations as long
as its MAEs and AAE fall into reasonable ranges.
In this study, we demonstrate the applicability of our novel BI

model using a one-year data set from a seven-wavelength
aethalometer and a total carbon analyzer (TCA) at a suburban
air quality monitoring station in Hong Kong on the campus of
the Hong Kong University of Science and Technology
(HKUST) (see Figure S1 in the Supporting Information for

the location). Intermethod comparisons are made between the
BI model and HERM−CMB, focusing on the resolved
concentrations of BrC, BC, and WtC. Importantly, our BI
model solves the AAE value of bulk BrC for each hour and,
equivalently, its MAE values at seven di�erent wavelengths. The
availability of sample-by-sample MAEs enables us, for the first
time, to examine the diurnal variations of MAE values of bulk
BrC in ambient aerosol. This allows us to quantify the influences
of ambient factors, such as solar irradiance and NOx

concentration, on the light-absorbing properties of BrC.
Additionally, this work once again shows the unique potential
of BI in general and encourages future research to extend its
applications in other topics of atmospheric sciences.

2. MATERIALS AND METHODS

2.1. Sources of Observation Data. Involved instrumenta-
tions are the total carbon analyzer (TCA-08, Magee Scientific)
and the dual-spot aethalometer (AE-33, Magee Scientific), both
of which are deployed at the Air Quality Research Supersite in
HKUST, a typical suburban site (22.238°N, 114.263° E, Figure
S1). TCA-08 analyzer flash-heats samples to convert all carbon
to CO2 and consequentially determines the TC concentration,
while AE-33 measures the light absorption of aerosol deposited
on the filter tape at seven di�erent wavelengths, namely, 370,
470, 520, 590, 660, 880, and 950 nm. The sampling period is
from July 22, 2021, to August 26, 2022. For compatibility, their
readings are averaged to 1 h for data analysis. Texts below
provide more information on the technical details of AE-33 in
our study.
The dual-spot aethalometer AE-33 measures the light

attenuation changing rate (ΔATN/Δt) as ambient aerosol
accumulates at two spots on the polytetrafluoroethylene-coated
(PTFE-coated) glass fiber tape (part number 8050, Magee
Scientific).31 The flow rates are set to 3 and 1 L min−1 for two
spots and are lower than the default values. This is because the
ambient air in Hong Kong is quite humid, and lower flow rate
allows the air to be su�ciently dehumidified in the aerosol dryer
before entering AE-33. The spot with a higher flow rate is used to
calculate the attenuation coe�cient as per eq 2, where variables
A and v signify the area of the aerosol deposited on the tape and
the air flow rate, respectively.

b
t

A

v

ATN

ATN
= ×

(2)

However, raw light attenuation data from the aethalometer
must be corrected after taking into account the loading e�ect, air
flow leakage, and light scattering of the filter tape. The correction
method of dual-spot aethalometer AE-33 in this study follows eq
3, where ζ denotes the air flow leakage ratio,C for scattering, and
k for loading e�ect constant. The leakage factor ζ is monitored
during maintenance procedures; the value of C is set to 1.57 for
PTFE-coated glass fiber tape; and k is solved following the
procedures in Drinovec et al.31

b b
C k

1

1

1 1

1 ATN
abs ATN

= × × ×

× (3)

2.2. Mathematical Description of the BI Model.
Equations 4 and 5 are carbon mass balance and light absorption
balance equations, respectively, where TC and light absorptions
(bλ) at 7 wavelengths (λi, i = 1, 2, ..., 7) on the left-hand sides
constitute the known information.

TC BC BrC WtC[ ] = [ ] + [ ] + [ ] (4)
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b b b

i

MAE BC MAE

BrC , 1, 2, ..., 7

BC BrC BC BrC

i i i i i
= + = × [ ] +

× [ ] = (5)

First, the MAE values of BC are from reference samples
following Chen et al.,36 whereas MAE values of BrC are
described by two parameters, KBrC and AAEBrC as per eq 1, so
that we reach eq 6.

b K

i

MAE BC ( ) BrC ,

1, 2, ..., 7

i

BC BrC AAE(BrC)

i i
= × [ ] + × × [ ]

= (6)

The objective of the BI model is to derive five unknown
variables (i.e., BC, BrC, WtC, KBrC, and AAEBrC) from 8
equations for each hourly observation. Additionally, measure-
ment errors from the aethalometer are incorporated, as
described in eq 7, using a normally distributed error term. In
other words, eq 7 gives the likelihood function of the BI model
hereafter.

b N K

i

(MAE BC ( )

BrC , ), 1, 2, ..., 7

i

BC BrC AAE(BrC)

2

i i

i

× [ ] + ×

× [ ] = (7)

Distinct from traditional statistical models that set out to find
good estimates to the “true values” of parameters, BI regards
parameters of interest as random variables and aims to find their
“posterior distributions” through combining two pieces of
information, i.e., prior distribution and likelihood function,
using Bayes’ theorem.
The likelihood function in this study is fairly straightforward

as per eq 7, claiming that the measurement light absorbance data
are susceptible to a normally distributed error term. Addition-
ally, the parameters of interest are the concentrations of three
types of carbon and two parameters (i.e., KBrC and AAEBrC) that
define the MAE-λ relation for BrC. Texts below describe the
prior distribution. An uninformative prior distribution of three
types of carbon can be specified by an evenly possible three-
component Dirichlet distribution scaled by the TC concen-
tration in eq 8.

( BC , BrC , WtC ) Dirichlet(1, 1, 1) TC[ ] [ ] [ ] × [ ] (8)

The prior distribution of AAEBrC is set as a two-parameter
exponential distribution (eq 9) with a threshold parameter of 1,
considering its physical meaning. For the base run, the scale
parameter is set at 1, hence a mathematical expectation of 2.

AAE 1 exp(1)BrC
+ (9)

Finally, the prior distribution of KBrC is set as a normal
distribution, with a mean value of 2.7 × 105 and a standard
deviation of 20% of its mean value. This mean value corresponds
to a scenario when the AAEBrC is equal to 2 and theMAE370 nm of
BrC is equal to 2 m2 gC−1, which is an integer number very close
to past relevant studies.41−43We further analyzed the sensitivity
of model outputs to di�erent prior distributions and the
plausibility of alternative prior distributions in Text S1.
In Bayesian analysis, when the prior distribution is not the

conjugate distribution of the likelihood function, one ought to
utilize alternative methods such as Markov Chain Monte Carlo
(MCMC) sampling to get a numerical estimation of the
posterior distribution. The fundamental idea in the MCMC
algorithm is to construct a Markov Chain whose limit
distribution is set to the desired posterior distribution. To
achieve detailed balance with a reversible Markov Chain is the
key. Specific to this paper, samples are taken from a uniform
measure for simplicity. The number of total sampling steps is
10,000. The first 20% of samples are discarded for robustness,
and only every 25th sample of the remaining ones is retained and
analyzed. In other words, samples are thinned on the basis of 25
to avoid autocorrelation.
All algorithms used in the BI model are realized in R, a

programming language for data analysis.44 A sample R script for
BI model together with a small data set have been uploaded onto
a GitHub repository (https://github.com/CoCobalt27/
Bayesian_BrC, last accessed on September 3, 2024).
2.3. Sources of Auxiliary Data. Auxiliary data, i.e.,

concentrations of NOx and ozone, relative humidity (RH),
and local solar irradiance, are from the Atmospheric and
Environmental Database (https://envf.ust.hk/dataview, last
check on February 20, 2024), launched and maintained by the
Environmental Central Facility in HKUST. Solar irradiance data
are recorded at the HKUST supersite, with NOx data from a
neighboring site (Tseung Kwan O, 22.318° N, 114.259° E, see
Figure S1), and ozone data from a background site (Tap Mun,
22.473° N, 114.358° E, see Figure S1) are used hereafter.

3. RESULTS AND DISCUSSION

3.1. Observation Data of TC Concentration and Light
Absorption. After data quality assurance and measurement
correction, a total of 8934 hourly data points from TCA and
aethalometer AE-33 measurements are utilized as model inputs.
Figure S2 shows the number of valid data on each day during the
entire period. Figure S3a,b plots the diel variations of TC
concentration and aerosol light absorption at 370 nm,

Figure 1.Comparisons of resolved concentrations between the BI model and the HERM−CMBmodel by Chen et al. (2021).36 A total of 1258 hourly
data from July to September 2021 are included. Red dash lines are one-to-one-ratio lines in each panel. Three model evaluation metrics, i.e., Pearson’s
correlation coe�cient (R), MFE, and MFB, are provided.
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respectively, in every month. The wavelength at 370 nm is the
shortest among the seven monitored wavelengths. At the
HKUST station, TC level exhibits distinct seasonality, where an
average concentration of ∼5 μg/m3 is recorded in winter and
drops to 2 μg/m3 in summertime (Figure S3a). The di�erence
could be attributed to the monsoon climate and the seasonal

shift of the dominant pollution sources in Hong Kong. In winter,
regional transport from the north continent brings more
polluted air parcel, whereas in summer, the prevalent southerlies
blow clean air from the ocean, making local emissions the
primary factor.45−47 Consequently, the diurnal patterns of the
TC concentration vary across di�erent months. Correspond-

Figure 2. Diurnal variations of five parameters determined by the BI model in individual months over one year (2021−2022). (a) Concentrations of
WtC, BrC, and BC; (b) AAE of BrC; and (c) MAE370 nm of BrC. In panels (b) and (c), dots and lines represent average values, while shadowed areas
show the ranges between upper and lower quantiles. The numbers on the top of each represent months.
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ingly, the light absorption of bulk aerosol is higher in winter and
lower in summer (Figure S3b). Notably, a distinct morning peak
in light absorption is observed almost every month, which,
according to our later results, can be explained by the variation in
ambient BC level coupled with the evolution of theMAE of BrC.
Furthermore, we compute the AAE value of bulk aerosol using
light absorption measurements at seven wavelengths,48 and its
time series is shown in Figure S3c. The AAE of the bulk aerosol
consistently remains larger than 1, indicating the presence of
BrC throughout the year. Additionally, the disparity in AAE
between winter and summer suggests that the contribution of
BrC to total light absorption is more significant in the winter
than in the summer. Note that time series of auxiliary data (i.e.,
solar irradiance, NOx level, and ozone concentration) during the
study period are shown in Figure S4.
3.2. Resolved Concentrations of BC, BrC, WtC, and

MAEs of BrC. The reconstructed TC concentration and total
light absorptions at 7 wavelengths are validated against
measurements (Figure S5), all of which exhibit highly
compatible fittings with Pearson’s correlation coe�cients
exceeding 0.99. Such compelling results serve as evidence of
the BI model’s excellent output data closure. At 880 nm, BI
model suggests that on average around 96% of total light
absorption can be attributed to BC (Figure S6a). Therefore, if
the BrC model is applied to the same data set, it consistently
yields lower prediction of the light absorption of BrC at 370 nm
vis-a-̀vis the BI method by 37.3 ± 27.9% (Figure S6b).
Additionally, we compare the BI model-computed results with
theHERM−CMBmodel by Chen et al.36 using data from July to
September 2021 (1258 hourly data) for model comparison.
Table S1 in the Supporting Information lists the deduced MAEs
of BC and BrC at 7 wavelengths from the HERM−CMBmodel.
Figure 1 compares the concentrations of three carbon
components derived from both the BI and HERM−CMB
models. Given that both methods employ the same MAE values
for BC, the resolved BC concentrations are in excellent
agreement, as evidenced by a correlation coe�cient of 0.99
and a mean fraction error (MFE) of 0.07. However, notable
divergences and good correlations are observed in the estimated
BrC and WtC between the two methods. Specifically, the BrC
level derived from the BI model consistently exceeds that from
the HERM−CMB model, indicated by a mean fraction bias
(MFB) of +0.90 and a correlation coe�cient of 0.75.

Conversely, the WtC concentration from BI is commensurately
lower (MFB =−0.22, R = 0.98). The most direct cause for these
discrepancies is that the BI model consistently predicts lower
MAE values for BrC than those from the HERM−CMB model.
For instance, the MAE370 nm of BrC from the HERM−CMB
model is 5.40± 0.90 m2 gC−1 (Table S1), much higher than the
results from the BI model (Figures 2c and 3b). This di�erence
can be explained by the underlying principle employed in
determining the MAEs of BrC in the HERM−CMBmodel. The
HERM−CMB is initially run to resolve the concentration of
non-BC organic carbon (denoted as OC*) and the light
absorption of OC* (denoted as babs*), and samples with the
highest babs*/[OC*] ratios are used to deduce theMAEs of BrC.
This results in selection of the maximum possible values for
MAE of BrC in the given data set.
Time series of BC, BrC, and WtC from the BI model are

visualized in Figure 2a. All three carbon types exhibit similar
seasonal patterns with concentrations higher in winter and lower
in summer. In most months, a morning peak of BC can be
observed, which is related to the rush-hour tra�c. Figure 2b
displays the time series of AAE of BrC from the BI model,
showing a discernible downward-upward trend in the morning
for most months. In contrast, the diurnal variation of the
MAE370 nm of BrC shows an upward-downward shift from 6 to
12 am (Figure 2c). This inverse relationship between AAE and
MAE can be quantitatively explained by calculating the
derivative in eq 1 to obtain eq 10.

dMAE

MAE
ln dAAE= ×

(10)

Given that the wavelength (λ) is a value between 370 and 950
in this study, the coe�cient (−ln λ) in eq 10 is definitively
negative. Thus, MAE and AAE exhibit opposite changes. This
observation is consistent with the work by Saleh,8 who uses the
MAE-AAE relationship to classify four types of BrC and some
other studies.49,50 They suggest that the light-absorbing
property of darker BrC behaves more like BC with lower AAE.
Specific to our data, considering that ln λ falls between 5.91 and
6.86, we can estimate that an absolute change of +0.1 in AAE
corresponds to a relative change of around −64% in MAE and
vice versa. Readers can easily verify this relationship using Figure
2b,c.

Figure 3. Distributions of AAE and MAE of BrC. Panels (a) and (b) show the frequency distributions of AAE and MAE370 nm of BrC, respectively;
panel (c) visualizes the distributions of MAEs of BrC at seven wavelengths. Boxplots denote the 5%, 25%, 50%, 75%, and 95% percentiles, and red dots
give the mean values.
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Regarding the MAEs of BrC, Figure 3 displays the frequency
distributions of all the 8934 hourly MAE370 nm and AAE data, as
well as the wavelength-dependentMAE curves corresponding to
the 5th, 25th, 50th, 75th, and 95th percentile values. The overall

average MAE370 nm is 0.78± 0.62 m2 gC−1, while the 5th to 95th
percentile spans the range of 0.17−1.95 m2 gC−1 and the 25th to
75th percentile spans the range of 0.38−0.98 m2 gC−1. In
comparison, previous relevant studies have deduced MAE365 nm

Figure 4.Hourly data of MAEs of BrC and auxiliary measurements on four separate days, one in each season. The four rows correspond to (a) Aug 15,
2021, (b) Nov 13, 2021, (c) Feb 14, 2022, and (d) May 17, 2022, respectively. Plots in the 1st column show the diurnal variations of the resolved
MAE370 nm of BrC (in black trace), ambient NOx concentration (in red trace), background ozone concentration (in green trace), and solar irradiance
strength (in yellow bar). Plots in the 2nd column show the enhancement of MAEs of BrC at even-numbered hours in the daytime, whereas plots in the
3rd column demonstrate the reduction of MAEs.
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values of 0.68−1.0 m2 gC−1 for water-soluble organic carbon in
the nearby Guangzhou41,43 and 1.2 m2 gC−1 for organic carbon
in Hong Kong.42 On the other hand, the AAE of BrC, as a
measure of the spectral absorption dependence, is expected to
vary as BrC undergoes transformation. The overall average
AAEBrC of all the 8934 hourly measurements is 2.21 ± 0.13,
implying the prevalent influence of strongly to moderately light-
absorbing BrC components from primary combustion sour-
ces.8,28

3.3. Factors That Influence the MAEs of BrC.
Importantly, from the perspective of atmospheric chemistry,
the variations of AAE and MAE of BrC indicate the dynamic
nature of its light-absorbing properties, which have been
reported by numerous studies to be associated with photo-
chemical processes and other secondary reactions.29,37,51,52 For
the purpose of demonstration, we select data on 4 sunny days as
examples, one each in a di�erent season, and visualize them in
Figure 4. The plots show changes of the MAE370 nm of BrC,
MAEs at 7 wavelengths during even-numbered hours in the
daytime, and auxiliary data (i.e., solar irradiance strength, NOx,
and ozone). Throughout these 4 days, theMAE370 nm of BrCwas
below 2 m2 gC−1 for most of the time. A noticeable darkening-
bleaching shift occurred in themorning on all 4 days, resulting in
amaximalMAE370 nm value appearing between 8 and 10 am. The

most significant change was observed on themorning ofMay 17,
2022 (Figure 4d), when the MAE370 nm of BrC rapidly increased
from 0.30 m2 gC−1 at 6:00 to 4.64 m2 gC−1 at 10:00 and then
rapidly dropped to 1.47 m2 gC−1 at noon. Notably, this
particular day exhibited the highest solar irradiance among the 4
days, reaching 796 W m−2 at 12 O’clock.
To further understand the relationship between the

MAE370 nm of BrC and ambient solar irradiance, we present a
scatter plot together with a half-violin plot of all daytime data
(consisting of 4583 hourly data points) in Figure 5. The left
panel of Figure 5a shows a nonparametric empirical fitting curve
between these two variables, generated using a general additive
model with cubic splines as the smoothing technique.53 The
curve indicates that as solar irradiance increases the MAE370 nm
of BrC initially rises but then steadily declines once the
irradiance reaches approximately 67 W m−2. This hypothesis is
further supported by the half-violin plot in the right panel of
Figure 5a, where the data are binned into 8 groups with roughly
equal numbers of data points. A robust nonparametric test,
namely, Wilcoxon test, is used to detect the di�erences between
all pairs of groups.54 The findings from Figure 5a indicate that
the MAE370 nm data of the middle four groups, corresponding to
irradiance levels between 30 and 400 W m−2, are not
significantly di�erent from each other but significantly higher

Figure 5. Resolved MAE370 nm of BrC vs other environmental parameters. (a) MAE370 nm vs solar irradiance for daytime data and (b) MAE370 nm vs
NOx concentration. Each scatter plot is accompanied by an empirical fitting (red line) using generalized additive model, with a shadowed pink area
showing the 95% confidence interval. Raw data are further binned into 8 groups with roughly equal amounts of data points in half-violin plots on the
right. Red dots, error bars, and lines represent the mean value, the standard deviation, and the trend, respectively. Blue dots and lines show the median
values and their trend. The nonparametric Wilcoxon test is used to test the di�erences among di�erent bins (***p < 0.001, **p < 0.01, *p < 0.05, and
NS for nonsignificant).
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than the other four groups at both ends. In short, solar irradiance
acts as an influential factor in the MAE of BrC. Increasing solar
irradiance initially leads to darkening of BrC, followed by a
subsequent bleaching e�ect.
Similar analyses have been conducted for NOx (Figure 5b),

RH (Figure S7a), and ozone (Figure S7b). Figure 5b reveals that
an increase in ambient NOx level leads to a monotonic and
statistically significant rise in the MAE370 nm of BrC, potentially
attributable to the enhanced formation of nitrogen-containing
organic compounds, which are major constituents of BrC. Such
phenomena are in accordance with those in past studies.51,52,55

Furthermore, it is noteworthy that the MAE of bulk BrC is
influenced by various intertwined factors. Some factors, for
instance, changes in the dominant emission sources of primary
BrC, the reactions of nitrogen-absent BrC compounds, and gas-
particle partitioning shifted by temperature, are not discussed in
this study. To quantify e�ects from concurrent processes that
influence the MAEs of BrC components, we recommend joint
chemical speciation measurement of BrC, which might o�er
more source-specific insights. However, the analyses presented
above regarding the characteristics of the MAEs of BrC
demonstrate consistency with established knowledge in
atmospheric chemistry; they also reinforce the integrity of the
BI model and its ability to determine the concentrations of three
carbon types and theMAEs of BrC on a sample-by-sample basis.
3.4. Perspective. The application of the BI approach to TC

and multiwavelength aethalometer measurements represents a
novel analytical paradigm for determining concentrations of
BrC, its light absorption properties (i.e., MAE and AAE), and
concentrations of BC and WtC on a sample-by-sample basis.
The ability to quickly resolve MAEs for individual samples
enables the observation of diel variations ofMAEs of bulk BrC in
response to photochemical and other secondary reactions as
they modify the light-absorbing properties of BrC. This unique
feature is not available in past methodologies, such as
spectrometer measurement coupled with labor-intensive solvent
extraction, the BrC model, or the HERM−CMB model, all of
which su�er from their inherent method rigidity. Specifically, the
BrC model can only determine the overall light absorptions
caused by BrC, but even this is biased, as illustrated in Figure S6,
because the model is limited by its simplistic assumption that
light absorption at long wavelengths is solely contributed to BC.
On the other hand, the HERM−CMB model utilizes a
brownness index (γBr),

36 defined as the [BrC]-to-[OC*] ratio,
with BrC calculated using a fixed light absorption profile based
on 20 samples with the highest babs*/[OC*] ratios. Although
the brownness index can explain the light absorption decrease of
BrC by its concentration, it is incapable of showing the dynamic
nature of MAEs or the darkening of OC*. Unlike HERM−CMB
model, the BI method does not assume a predefined MAE
profile, and the MAE profile is independently derived on a per-
sample basis, thus permitting the observation of either darkening
or bleaching of BrC. It is also noteworthy that the BI method
couples TC measurements with light absorption readings, thus
enabling the derivation of mass concentration of BC and BrC.
This moves beyond the conventional estimate of equivalent
BC,56 which is derived solely based on optical absorption
measurement and in which light absorptions of BrC are not
explicitly accounted for (Figure S6).
The ability to track MAEs on a per-sample basis makes it

possible to inspect the associations between MAE and various
ambient factors as well as the impact of episodic emissions or
secondary processes on modifying BrC. In controlled laboratory

studies (e.g., chamber experiments and source-oriented
research) focusing on specific BrC components, the BI method
provides a convenient way to monitor changes in concentration
of BrC and MAEs. Quantifying such information is invaluable
for assessing the formation and aging rates of BrC. Thus, the new
method opens the door to readily collecting large data sets of
MAEs and AAE for BrC in various ambient locations and with
high time resolution. This would provide the necessary data
foundation for accurately parametrizing the concentration and
light-absorbing properties of BrC in climate and visibility
models, which currently assume static light absorption
e�ciencies.
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G.; Drinovec, L.; Mocňik, G.; Prati, P.; Vlachou, A.; Baltensperger, U.;
Gysel, M.; El-Haddad, I.; Prévôt, A. S. H. Production of Particulate
Brown Carbon during Atmospheric Aging of Residential Wood-
Burning Emissions. Atmos. Chem. Phys. 2018, 18 (24), 17843−17861.
(51) Liu, J.; Lin, P.; Laskin, A.; Laskin, J.; Kathmann, S. M.; Wise, M.;
Caylor, R.; Imholt, F.; Selimovic, V.; Shilling, J. E. Optical Properties
and Aging of Light-Absorbing Secondary Organic Aerosol. Atmos.
Chem. Phys. 2016, 16 (19), 12815−12827.
(52) Liu, P. F.; Abdelmalki, N.; Hung, H.-M.; Wang, Y.; Brune, W. H.;
Martin, S. T. Ultraviolet and Visible Complex Refractive Indices of
Secondary Organic Material Produced by Photooxidation of the
Aromatic Compounds Toluene and m-Xylene. Atmos. Chem. Phys.
2015, 15 (3), 1435−1446.
(53) Wood, S. N.; Augustin, N. H. GAMs with Integrated Model
Selection Using Penalized Regression Splines and Applications to
Environmental Modelling. Ecol. Model. 2002, 157 (2−3), 157−177.
(54) Bauer, D. F. Constructing Confidence Sets Using Rank Statistics.
J. Am. Stat. Assoc. 1972, 67 (339), 687−690.
(55) Xu, L.; Guo, H.; Boyd, C. M.; Klein, M.; Bougiatioti, A.; Cerully,
K. M.; Hite, J. R.; Isaacman-VanWertz, G.; Kreisberg, N. M.; Knote, C.;
Olson, K.; Koss, A.; Goldstein, A. H.; Hering, S. V.; de Gouw, J.;
Baumann, K.; Lee, S.-H.; Nenes, A.; Weber, R. J.; Ng, N. L. Effects of
Anthropogenic Emissions on Aerosol Formation from Isoprene and
Monoterpenes in the Southeastern United States. Proc. Natl. Acad. Sci.
U.S.A. 2015, 112 (1), 37−42.
(56) Petzold, A.; Ogren, J. A.; Fiebig, M.; Laj, P.; Li, S.-M.;
Baltensperger, U.; Holzer-Popp, T.; Kinne, S.; Pappalardo, G.;
Sugimoto, N.; Wehrli, C.; Wiedensohler, A.; Zhang, X.-Y. Recom-
mendations for Reporting “Black Carbon” Measurements. Atmos.
Chem. Phys. 2013, 13 (16), 8365−8379.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c06831
Environ. Sci. Technol. 2024, 58, 17386−17395

17395

https://doi.org/10.1029/2009JD012864
https://doi.org/10.1029/2009JD012864
https://doi.org/10.1029/2009JD012864
https://doi.org/10.1038/ngeo2220
https://doi.org/10.1038/ngeo2220
https://doi.org/10.5194/acp-14-1517-2014
https://doi.org/10.5194/acp-14-1517-2014
https://doi.org/10.5194/acp-14-1517-2014
https://doi.org/10.1073/pnas.2205610119
https://doi.org/10.1073/pnas.2205610119
https://doi.org/10.5194/amt-8-1965-2015
https://doi.org/10.5194/amt-8-1965-2015
https://doi.org/10.5194/amt-8-1965-2015
https://doi.org/10.5194/amt-3-457-2010
https://doi.org/10.5194/amt-3-457-2010
https://doi.org/10.5194/amt-3-457-2010
https://doi.org/10.1002/2014JD022970
https://doi.org/10.1002/2014JD022970
https://doi.org/10.1002/2014JD022970
https://doi.org/10.1016/j.envpol.2022.119966
https://doi.org/10.1016/j.envpol.2022.119966
https://doi.org/10.1016/j.envpol.2022.119966
https://doi.org/10.5194/acp-24-3065-2024
https://doi.org/10.5194/acp-24-3065-2024
https://doi.org/10.1021/acs.est.0c08706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c08706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-19-139-2019
https://doi.org/10.5194/acp-19-139-2019
https://doi.org/10.1021/es503855e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es503855e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b06316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b06316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b06316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c09412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c09412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c09412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-16-13321-2016
https://doi.org/10.5194/acp-16-13321-2016
https://doi.org/10.5194/acp-16-13321-2016
https://doi.org/10.1021/acs.est.9b05332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2020JD033920
https://doi.org/10.1029/2020JD033920
https://doi.org/10.1029/2020JD033920
https://www.r-project.org/
https://doi.org/10.1016/S0048-9697(97)00214-3
https://doi.org/10.1016/S0048-9697(97)00214-3
https://doi.org/10.1016/S0048-9697(97)00214-3
https://doi.org/10.1016/j.atmosenv.2003.11.035
https://doi.org/10.1016/j.atmosenv.2003.11.035
https://doi.org/10.1029/2009JD012809
https://doi.org/10.1029/2009JD012809
https://doi.org/10.1029/2009JD012809
https://doi.org/10.5194/acp-7-5937-2007
https://doi.org/10.5194/acp-7-5937-2007
https://doi.org/10.5194/acp-13-7683-2013
https://doi.org/10.5194/acp-13-7683-2013
https://doi.org/10.5194/acp-13-7683-2013
https://doi.org/10.5194/acp-18-17843-2018
https://doi.org/10.5194/acp-18-17843-2018
https://doi.org/10.5194/acp-18-17843-2018
https://doi.org/10.5194/acp-16-12815-2016
https://doi.org/10.5194/acp-16-12815-2016
https://doi.org/10.5194/acp-15-1435-2015
https://doi.org/10.5194/acp-15-1435-2015
https://doi.org/10.5194/acp-15-1435-2015
https://doi.org/10.1016/S0304-3800(02)00193-X
https://doi.org/10.1016/S0304-3800(02)00193-X
https://doi.org/10.1016/S0304-3800(02)00193-X
https://doi.org/10.1080/01621459.1972.10481279
https://doi.org/10.1073/pnas.1417609112
https://doi.org/10.1073/pnas.1417609112
https://doi.org/10.1073/pnas.1417609112
https://doi.org/10.5194/acp-13-8365-2013
https://doi.org/10.5194/acp-13-8365-2013
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c06831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

